Seven cases of patent ductus arteriosus with pulmonary hypertension and reversal of the usual direction of flow are described. Breathing of a low oxygen mixture either initiated or increased the reversed shunt, and breathing 100 per cent oxygen produced the reverse effect. Differences in oxygen saturation and dye-dilution curves recorded simultaneously from the radial and femoral arteries have allowed calculation of differences in the proportion of shunted blood flowing in these arteries and demonstrate that retrograde movement of blood in the aortic arch may occur.
IT HAS BEEN reported from this clinic",2
and by others3-" that a patent ductus arteriosus may be associated with severe pulmonary hypertension and that, as a consequence, a reversal of the arteriovenous shunt usual in this condition may occur. The reversal of flow may be intermittent, or if permanent, a characteristic clinical picture of cyanosis of the feet with slight or absent cyanosis of the hands and face may be observed. Also, because the left subclavian artery is anatomically sometimes nearly opposite the aortic aperture of the ductus, the left hand may be cyanotic while the right is not. The general arrangement of the origins of the major arteries from the aortic arch are illustrated in figure 1, from which it may be deduced that a principal effect of the flow of venous blood from the pulmonary artery to the aorta would be a decrease in the oxygen saturation of the blood passing to the lower part of the body by way of the descending aorta, while the blood passing to the upper part of the body would be affected to a lesser extent or not at all. 
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In 1946, von Euler and Liljestrandl" found that in the cat the blood pressure in the pulmonary artery was increased when the animal breathed mixtures low in oxygen content, and similar findings have been reported in man.'3 These reports suggested to us an investigation of the effect of breathing varied oxygen mixtures on the degree of venous shunt in cases of congenital cyanotic heart disease,'4 and of the quantitative effect of such mixtures on the shunt from the aorta to the pulmonary artery in cases of patent ductus arteriosus associated with pulmonary hypertension.'5 It was suggested that the effects of breathing differing oxygen mixtures, including 100 per cent oxygen, might be of diagnostic value in some cases of patent ductus arteriosus with transient reversal of the shunt.
This communication presents data on seven patients with patent ductus arteriosus and pulmonary hypertension in whom either (1) the breathing of 100 per cent oxygen caused a disappearance or decrease in flow from the pulmonary artery to the aorta or (2) the breathing of a low oxygen mixture either caused the appearance of a flow, or accentuated the flow already present, in this direction.
Circulation, Volume VIII, November, 1953 METHOD Cardiac catheterization was carried out on each patient utilizing a photokymographic recording assembly and associated equipment described elsewhere.16 17 Blood oxygen content, blood pressures and arterial dilution curves of T-1824 were recorded simultaneously from the radial and femoral arteries. [18] [19] [20] Oxygen saturation was determined both by manometric2' and by photoelectricn technics.
Estimation of venous-arterial shunts from dyedilution curves was carried out as described elsewhere.23, 24 At 2 years of age, the patient was in the hospital for two weeks with pneumonia. On our examination there was a loud basal systolic murmur. The heart was enlarged roentgenographically, and the electrocardiogram was interpreted as indicative of left ventricular hypertrophy. Catheterization was carried out under anesthesia, and the data indicated the presence of a patent ductus arteriosus (table 1) .
Surgical exploration was carried out on Otober 24; the heart was found to be very large and the pulmonary artery large and tense. A large patent ductus was present, being more than a centimeter in A heart murmur was known to have been present since the age of 3, and some cyanosis of the feet had been noticed since the age of 13. During the school years it was said that she was moderately dy-spreic on effort. She carried her baby to term satisfactorily and was delivered of a live baby, low for(eps being used, on October 16. There was blood in the amniotic fluid and the placenta showed evidence of a recent premature separation. The day following delivery she complained of increased dyspnea and palpitation and noted deeper cyanosis of the nails. On October 22 there was repeated hemoptysis. She was dismissed from the hospital on November 2, and returned for further investigation six weeks later. The main auscultatory finding was a grade 3 diastolic murmur that was maximal in the left infraclavicular area. A short systolic murmur was also present in the pulmonary area. The second sound in the pulmonary area was moderately accentuated. Roentgenograms showed that the size of the heart was within normal range in the anteroposterior view, but there was marked prominence of the pulmonary artery. In the oblique roentgenograms there was evidence of right ventricular hypertrophy. The electrocardiogram was interpreted as indicative of right ventricular hypertrophy ( fig. 2, case 4) . Su-gical exploration was carried out on January 10, and a huge patent ductus, exceeding the size of the aorta, was successfully divided and its ends sutured. About two hours after the completion of the operation, marked hypotension developed without any prior warning symptoms, and death occurred in about 20 minutes.
The postmortem examination did not reveal any specific reason for the death. The heart showed no complicating defect. The right ventricle ( fig. lc) was thick, being approximately equal to the thickness of the left ventricle, which was of normal size. The large pulmonary arteries were unobstructed; the small arteries had a varied structure, some appearing to be dilated, others moderately thick-walled, and still others occluded by intimal changes.
Case 5. The patient was first registered at the clinic in 1939 at the age of 18 years, at which time a diagnosis of severe scoliosis and patent ductus arteriosus was made. A "machinery" murmur was noted by the consultant. The patient returned in 1942 for a re-evaluation of the scoliosis and the cardiac condition; at that time she was noted to FIG . 1 (a and b). Two normal aortas from which the anterior half of the wall has been removed to demonstrate the relationship of the aortic arch vessels to the ligament of the ductus arteriosus. While the ligament is distal to these branches, it is more definitely so in a than in b. In the latter it may be noted that the left vertebral artery arises as a separate branch of the aorta, a not uncommon arrangement. It is to be emphasized that considerable variation in the arrangement of the origin of these vessels occurs. Electrocardiograms from five adult patients with patent ductus arteriosus and pulmonary hypertension. These tracings were taken during the admission during which cardiac catheterization was performed.
have adequate cardiac reserve, and it was thought best to defer surgical treatment. On her return in November, 1951, the cardiac status had worsened considerably, the patient being much more disabled. She gave a history of having had, in November and December, a prolonged illness called "septicemia" which was treated with penicillin and streptomycin for seven weeks. It was apparently believed that she had had a subacute bacterial endocarditis or endarteritis. The possibility of thyrotoxicosis also had been suggested, but theclinical evaluation supported by radioiodine studies indicated that she was euthyroid. The auscultatory findings were a grade 3 systolic murmur and thrill in the third left intercostal space with a grade 1 continuous murmur to the left of the sternum. An interesting phenomenon was observed in that following her occasional extrasystoles, there was the occurrence of a marked, prolonged diastolic murmur and accentuated pulmonic second sound. The problem of surgical therapy again arose, and at that time (November, 1951) it was believed that, in spite of the severe scoliosis, such treatment might be carried out safely and perhaps with benefit. When the patient returned on her last visit in August, 1952, her condition had further deteriorated. The feet were slightly cyanosed when the hands were not. The heart was enlarged, but its size was difficult to assess because of the kyphoscoliotic March 11, 1950 . The pulmonary artery was found to be extremely large and sclerotic. The ductus was approximately 2.5 cm. in diameter and very short. It was impossible to use transfixion sutures, but two braided silk ligatures were passed around the ductus and tied down as tightly as was thought reasonable with regard to the structural changes in the ductus and pulmonary artery. The patient's condition was critical throughout the operation and his postoperative course was stormy. A prolonged basal diastolic murmur was still present at the time of his dismissal. The question was raised at this time whether the ductus would remain closed.
The patient returned for re-examination in October, 1950 . He had continued to have chronic congestive failure without much change in the general picture. Cardiac catheterization was carried out again and the ductus demonstrated to be open. When the patient returned in January, 1952, his general condition appeared somewhat better and he had been able to get along satisfactorily without mercurial diuretics, but with digitalis medication and sodium restriction. The results of cardiac examination were as before.
Case 7. The patient was first seen at the age of 45, in August, 1952, with the complaint of shortness of breath for many years and "constant cold" of four years' duration. A cardiac murmur was said to have been first discovered at the age of 10. For many years the patient had continued to work as a clerk for eight hours daily. There had been no orthopnea, and there had been no recent progression of symptoms. Her weight was 130 pounds and her blood pressure was 130 systolic and 80 diastolic. There was a prolonged grade 2 plus diastolic murmur that was maximal to the left of the sternum from the fifth rib to the left infraclavicular area. The pulmonic second sound was accentuated. No systolic murmur was heard. The roentgenegram showed marked prominence of the pulmonary artery segment and the pulmonary vessels. The electrocardiogram ( fig. 2 , case 7) was interpreted as presenting evidence of biventricular hypertrophy, showing an "M" QRS complex in V, and a high R and small S in V. At cardiac catheterization the presence of a patent ductus arteriosus was established.
Surgical exploration was carried out on September 10 and an aneurysmal dilatation of the pulmonary artery was found. The patent ductus arteriosus was of about the same diameter as the aorta and was approximately 1 cm. in length. It was possible to divide the ductus and suture its ends. The patient's immediate postoperative course was satisfactory. There was persistence of a diastolic murmur to the left of the sternum. On the seventh postoperative day there were two episodes of pain in the right shoulder and slight dyspnea, and a few hours later severe dyspnea with cyanosis, shock and death.
Postmortem examination showed the sutured ends of the ductus to be in good condition, and the exact cause of death was not determined. The right ventricle was markedly thickened. No associated cardiac defect was present. The pulmonary vascular changes were not uniform, some vessels showing relatively minimal change, while others showed medial hypertrophy and intimal change of advanced degree. The histopathologic picture did not approach the severe degree that has been described in other cases of patent ductus arteriosus. 25 LABORATORY DATA The laboratory data on the seven patients are summarized in tables 1 and 2. In table 1 are given the more routine findings on cardiac catheterization, where it may be noted that in the group generally the pulmonary and systemic arterial pressures were nearly equiv-alent, the exceptions being case 1, a young child, in which the pulmonary arterial pressure was significantly lower, and case 5, in which it was significantly higher than the systemic pressure. In cases 4, 5 and 7 there was insufficient arterialization of the blood in the pulmonary artery, so that from the routine data given in this table the diagnosis would not have been obvious during the catheterization procedure had not the catheter entered the aorta. In case 4 no data on the pressure or calculated across the ductus. The anatomic relationship of the ductus to the branches of the aortic arch ( fig. 1 ) determines a preferential flow of blood from the ductus to the descending aorta. Hence the presence in the femoral artery of blood with an oxygen saturation significantly lower than that of a sample drawn simultaneously from the radial artery is positive evidence of a right-to-left shunt through a patent ductus arteriosus. Further evidence of the presence of this condition may The cases are arranged in order of age, but actually case 4 was the one most recently studied. The early cyanosis of the feet in this case clinically suggested an associated coarctation of the aorta above the ductus. While the laboratory data would not necessarily exclude such an associated defect, they were interpreted as favoring the absence of such a lesion; that is, the similarity in the radial and femoral pressures and the characteristic dye-injection studies to be described were so interpreted. Dye-concentration curves were obtained after the method of Nicholson and co-workers,18 and the quantity of blood shunted was calculated on the basis of the ratio of the area of the primary deflection to the area of the secondary deflection after the method of Swan and co-workers. In this patient (case 4), the fact that pulmonary arterial blood was reaching the innominate and right radial artery was clearly shown by the initial contour of the dye curve from the latter vessel when the values for oxygen saturation were inconclusive. The femoral arterial dye curve had the characteristic double-hump contour associated with a large venous shunt. Of further interest were the facts that the femoral and left radial oximetric records showed marked phasic variations related to the respiratory cycle, while the records from the two ear oximeters and right radial artery did not; and while no leftto-right shunt through the ductus was present when the patient breathed air, there was some evidence of it when she breathed 100 per cent oxygen, as ascertained by some arterialization of blood in the pulmonary artery. The arrangement of the aortic arch branches in this case are shown in figure 1.
Case 5 is of special interest in that the pulmonary arterial pressure grossly exceeded that in the systemic arteries. There had been marked recent increase in the disability, and how much of this might be attributed to con- The cardiac catheterization findings are given in the first column. R. A., right radial artery; P. A., pulmonary artery; R. At., right atrium; R. V., right ventricle; F. A., femoral artery. comitant pulmonary disease with the severe kyphoscoliosis was conjectural.
Case 6 is one of the earliest cases studied, and data were collected both before and after surgical treatment, following which the ductus reopened. The studies on the oxygen saturation are summarized in figure 6 . A reproduction of the simultaneous pressure records from the pulmonary, radial and femoral arteries obtained during the studies on Oct. 26, 1950 , is seen in figure 7 . The patient was again restudied in January, 1952, at which time there was a difference of 1.0 volume per cent in oxygen saturation between the radial and femoral arterial samples while the patient was breathing air, but the values were similar for samples taken from the two arteries when the patient was breathing 100 per cent oxygen.
Dye-dilution curves were recorded from radial and femoral arteries and both ears a second deflection which corresponded in time and in contour to the curve seen when the patient breathed 100 per cent oxygen, except that the disappearance time was no longer disproportionately prolonged. These curves indicated that with 16 I ii in'
7. Pulmonary and systemic arterial pressures and oxygen content of simultaneously withdrawn blood samples in a patient with patent ductus arteriosus and pulmonary hypertension (case 6) while differing oxygen mixtures were being breathed. Note the similarity in pressures and contours of all three pulses in the three states studied, and that the pulmonary pressure was relatively decreased when the patient breathed 100 per cent oxygen. Note also the resulting differences in oxygen content between simultaneously withdrawn radial and femoral arterial samples; these differences are greatest when the patient breathes 10 per cent oxygen, and are present to a progressively less decree when room air and 103 per cent oxygen are breathed. The proportion of shunted pulmonary arterial blood in the femoral arterial flow amounted to 42, 12 and 5 per cent, respectively, when the patient breathed 10, 21 radial artery curve were within normal limits; however, the femoral dye-dilution curve showed a shortened appearance time with a doublehump contour on the build-up slope characteristic of a right-to-left shunt ( fig. 8 ). Dyedilution curves of this type from the femoral artery have also been noted by Bothwell and co-workers.9 COMMENT As previously reported,'5 the production of change in magnitude or direction of flow through a patent ductus arteriosus by variation of the oxygen content of the inspired air is a unique and unequivocal method of demonstrating a differential effect of oxygen on the pulmonary and systemic circulations. It is generally conceded that pressure in the pulmonary artery usually varies inversely with the oxygen tension of the respired gas. However, the mechanism of, and lack of uniformity in, the pulmonary vascular response in man and animals have been controversial issues.27 That the effect is mediated by the sympathetic nerves is indicated by the work of Stroud and Rahn,28 who found in animals absence of the response in the sympathectomized lung. The absence of the pulmonary pressor effect in animals as noted by Beard and co-workers29 when 8.5 per cent oxygen was breathed might in part be related to the narcotized state. The possibility that in our patients a rise in left atrial pressure could have contributed to a rise in pulmonary resistance cannot be excluded as a factor in the change on low oxygen breathing but does not find likely application in the explanation of the change related to the shift from air to 100 per cent oxygen or vice versa. The decrease in pulmonary arterial pressure on change from air to 100 per cent oxygen, illustrated in figure 7, was as clear-cut as the decrease on changing from 10 per cent oxygen to air. It is to be noted that frequently there was a bidirectional shunt through the ductus orifice. While this might be considered related in part to turbulence, it seems more likely related to variations in the direction of flow during the cardiac cycle. If the latter were true, a variation in heart rate, with change in the relative durations of systole and diastole, might cause a change in the magnitude of the shunt, but it is thought that such an effect, if it occurred, would be insignificant, as the changes in heart rate were minimal.
The fact that a venous-arterial shunt through a patent ductus affected the oxygen saturation of the blood in the aortic arch vessels that originate proximal to it, was noted in several cases but particularly in case 5. This finding demonstrates retrograde movement of blood in the aorta probably in late systole or diastole. Whether this backflow occurs during closure of the semilunar valves at the end of systole or is due to phasic differences in ventricular ejection or capacity of the aorta and pulmonary artery to take up the stroke volume of the respective ventricles, or a high runoff from the proximal branches of the aortic arch, or to these and additional factors, is at present uncertain.
The phenomenon of reversal of the arteriovenous shunt in patent ductus arteriosus is not usual even when some degree of pulmonary hypertension is associated with the congenital lesion. Thus the over-all incidence of venoarterial shunt in patent ductus arteriosus is small, and the cases which we the problem is simplified but in the absence of such an event, comparison of the oxygen content of the blood in the radial with that in the femoral artery is a most important investigative procedure. It might be mentioned that the Eisenmenger complex in case 2 of Cosby and co-workers'30 group of cases, as well as in such cases of our own, closely resembled the clinical complex of patent ductus and pulmonary hypertension with some reversal of flow through the ductus.
The problem of surgical exploration in adult cases of this type is a very difficult one, and the justification for exploration may be largely dependent on the fact that the immediate mortality is not prohibitive rather than on a real hope of "cure." Case 3 is of pertinent interest, as the heart failure seemed to have been alleviated and the pulmonary pressure was markedly reduced. Case 7 is of particular interest in that on postmortem examination the pulmonary vascular changes were not sufficiently extensive to make one believe that the pulmonary hypertension was necessarily irreversible. When this patient breathed 100 per cent oxygen there had been evidence of a shunt in the aortic-pulmonary direction. Shumacker3l advised against surgical treatment in one case of this type, and Dammann and co-workers7 have expressed the belief that the condition is primarily nonsurgical.
De Camp32 reported one case in which death followed surgical treatment. In children, the problem is somewhat different in that one would not expect accumulated organic changes approaching irreversibility to be present. Here the question of an associated defect may be the main deterrent to surgical exploration. Exploration may be justified if studies of the type described give no indication of an associated intracardiac defect of severe nature. If the cyanosis has been present since early life, the likelihood of an associated defect is very great indeed.
SUMMARY
In seven cases of patent ductus arteriosus with pulmonary hypertension a transient or maintained blood flow from the pulmonary artery to the aorta has been demonstrated. These patients were studied by cardiac catheterization and simultaneous blood sampling from radial and femoral arteries. Under given conditions in each case, the oxygen content of femoral arterial blood was demonstrated to be less than that of simultaneously withdrawn radial arterial blood.
It was possible to affect the magnitude and occasionally the direction of the aortic-topulmonary flow in each of these cases by varying the oxygen content of the gas mixture breathed.
This finding affords unequivocal evidence that in man systemic and pulmonary vascular pressures are affected differently by variations in oxygen content of the respired gas mixture. This effect affords a basis for tests which may be useful occasionally in the diagnosis of atypical ductus arteriosus since the pulmonary artery-to-aorta pressure gradient, and hence the flow in that direction, may be varied at will in the inverse direction to changes in oxygen tension of inspired air.
The injection of dye either into a peripheral vein or into the heart via the catheter and the recording of the dye-dilution curve from various sites in the arterial system, particularly the right radial and femoral arteries, has been of additional value, particularly in the quantitation of the magnitude of pulmonary artery-toaorta flow. Dye entering the aorta via the ductus is demonstrable in the femoral artery, and on occasion may be detected in progressively diminishing concentration in arteries arising more proximally from the aortic arch. This last finding demonstrates that a significant degree of retrograde movement of blood may occur in the arch of the aorta in man.
ADDENDUM
Since this manuscript was prepared, an additional patient, 21 years of age, has been studied in the laboratory while breathing varied oxygen mixtures, and the findings were practically identical with those of case 4. This young woman also showed the evidence of retrograde flow of blood in the aortic arch and the characteristic differences in dye curves obtained from various sites of the arterial tree. SUMARIO ESPAROL Siete casos de conducto arterioso patente con hipertension pulmonar y reversion de la direccion usual de la circulacion se describen. Respiraci6n de una mezela baja en oxigeno o inici6 u aument6 el "shunt" reversado, y respiraci6n de oxigeno al 100 % produjo un efecto inverso. Diferencias en saturaci6n de oxigeno y en curvas de dilucion de tinte registradas simultaneamente de las arterias radiales y femorales hicieron posible calculaciones de la diferencia en proporci6n de sangre desviada circulando en estas arterias y demuestra que movimiento retrogrado de sangre en la aorta puede ocurrir.
